Introduction
============

Curcumin (diferuloylmethane) is a low molecular weight polyphenol, derived from the dietary spice turmeric, *Curcuma longa,* which is currently used in clinical trials as an anti-neoplastic drug \[[@b1]\]. Nevertheless, curcumin apparently displays tissue-specific biological effects, in so far as it decreases proliferation and induces apoptosis of neoplastic cells, it protects non-neoplastic ones from oxidative stress, acting as a scavenger of superoxide anion and hydroxyl radicals (reactive oxygen species; ROS) \[[@b2], [@b3]\]. Furthermore, curcumin and other derivatives are strong inducers of haeme-oxygenase-1 (HO-1), a Phase 2 detoxification enzyme and a member of the HSP family, highly induced by hypoxia and ROS \[[@b3]--[@b5]\]. Curcumin also acts as a potent inhibitor of the sarco-/ endoplasmic reticulum Ca^2+^ ATPase (SERCA) and increases membrane permeability and cation leakage \[[@b6]\]. Both mechanisms may favour calcium depletion from intracellular stores, a condition known to induce the endoplasmic reticulum (ER) stress-response, which is relevantly involved in promoting either cytoprotection or cell death, the latter in the case of sustained induction \[[@b7], [@b8]\].

The aim of the present study was to investigate whether curcumin administration would induce a cytoprotective ER stress-response, which might contribute to the antioxidant defence. The rationale to explore whether the cytoprotection induced by curcumin acted through the ER stress-response was provided by previous reports from our and other laboratories. It has been shown that ER chaperones and stress proteins, such as Grp78, Grp94 and calreticulin, blocked calcium dyshomeostasis and cell death induced by exposure to either oxygen radicals or organic oxidants \[[@b9]--[@b11]\] or by conditions that potentially increase ROS production, such as ischaemia-reperfusion and calcium overload \[[@b12]--[@b14]\]. Here we analysed the presence and the extent of the antioxidant defence induced by curcumin preconditioning, namely the transient administration of the drug 24 hrs before exposure to oxidative stress \[[@b11], [@b15]\]. Curcumin-treated and untreated, proliferating C2C12 cells were challenged with hydrogen peroxide, and the effects on apoptosis, total protein oxidation and NF-κB activation were monitored. Moreover, the same experimental protocol was performed in C2C12 cells in which genetic manipulation of Grp94 protein level was achieved by specific expression of grp94 cDNAs (sense or antisense).

Although curcumin-induced antioxidant protection may be the result of the involvement of multiple executors, which are recruited by the activation of diverse signaling pathways \[[@b1]\], our results identify Grp94 as a prominent player.

Materials and methods
=====================

Cell culture
------------

The skeletal myogenic murine cell line C2C12 ECACC~1~ was used between passages 14 and 18. Cells were grown in Dulbecco's modified Eagle medium (DMEM, Sigma, Salisbury, UK) containing 10% foetal calf serum and L-glutamine.

Generation of stably transfected clones was performed with constructs and procedures as previously described \[[@b14], [@b16]\]. Clones were grown as described in Reference \[[@b16]\] and used between passages10 and 20.

Transient transfections were achieved using bicistronic vectors in order to identify transfected cells; a construct, which contained GFP and grp94 cDNAs (pT94), was used for overexpression, whereas the construct containing only the GFP cDNA (pT, Invitrogen, Groningen, The Netherlands) was used for control, as previously described \[[@b14]\]. A nuclear-targeted β-galactosidase cDNA and a portion of rabbit grp94 cDNA in antisense orientation were cloned into the pBK phagemid, under the control of the RSV promoter (Stratagene, Waldbronn, Germany), to achieve grp94 antisense transcription. The control phagemid contained a portion of rabbit grp94 cDNA lacking the translation initiation sequence.

Curcumin (Sigma) was dissolved in DMSO at a stock concentration of 20 mM, aliquoted in the dark and stored at --20°C. About 80,000 wild-type C2C12 cells were seeded in six-well plates, whereas about 10,000 cells were plated on gelatin-coated glass slides in 24-well plates. After 24 hrs, cells were exposed to fresh growth medium added with 5--10 μM curcumin in less than 0.1%DMSO for 3 hrs. Control plates were incubated with vehicle. Culture medium was then changed and cells used 24 hrs later. The same protocol was applied to C2C12 clones, since G418 was omitted from the culture medium during and after curcumin or vehicle treatment.

For transient transfections, about 16,000 cells were seeded on gelatin-coated glass slides in 24-well plates. Twenty-four hours later, 4 μg of cDNA, solubilized in 100 μl of 10 mM Tris-ethylenediaminetetraacetic acid (Tris-EDTA) buffer containing 0.125 M calcium and 0.75 mM phosphate, were added to 1 ml of culture medium in each well. The day after, cells were extensively washed with PBS and then returned to growth medium for curcumin treatment as described above.

After extensive rinse of cultures with DMEM, oxidative stress was achieved by exposing cells to 400--800 μM H~2~O~2~ in 1 ml/well of growth medium for six-well plates and in 0.5 ml/well of the same medium for 24-well plates. A number of wells, with any precedent curcumin treatment, were exposed to 20 μM curcumin 1 hr before and during H~2~O~2~ addition.

Evaluation of cell necrosis was performed on cover slips in parallel wells by adding propidium iodide (PI) to the incubation medium as detailed in Reference \[[@b14]\].

For each condition, cells were tested in triplicate and at least three independent experimental sets were repeated.

Western blot analysis
---------------------

Adherent cells in a six-well plate were solubilized in 25 μl of Cell Lysis buffer (Promega, Milano, Italy). Twenty-five micrograms of total protein were analysed by Western blotting, as previously described \[[@b14], [@b17]\]. The following primary antibodies were used: anti-Grp94 3C4 mouse monoclonal antibody \[[@b16]\], anti-Grp78 (SPA-826) and anti-calreticulin (SPA-600) rabbit polyclonal antibodies (Stressgen, Victoria, BC, Canada); anti HO-1 (OSA-111) mouse monoclonal antibody (Stressgen), anti-GADD153 (CHOP) rabbit polyclonal antibody (Santa Cruz Biotech.). After incubation with the appropriate secondary antibody conjugated with peroxidase (Santa Cruz Biotech., Heidelberg, Germany), blots were developed using an enhanced chemiluminescent detection system (ECL, GE Healthcare, Milano, Italy).

For procaspase-12 analysis, adherent cells were lysed together with floating cells, collected after a 5 min. supernatant centrifugation at 300 *g*, in a final volume of 40 μl. Protein concentration was determined in parallel wells, lysed after extensive rinsing with PBS, and equal volumes of lysate, corresponding to 20 μg of total protein amount, were used for assay with the anti caspase-12 rabbit polyclonal antibody (Santa Cruz Biotech.).

Protein levels were quantified via measurement of optical density using the NIH Image J analysis Software (Bethesda, MD, USA) and normalized to the densitometric value of the Ponceau red staining of the corresponding actin band.

Protein oxidation detection
---------------------------

To assess the formation of protein carbonyl groups, the OxyBlot protein oxidation detection kit (Chemicon, Hampshire, UK) was used according to the manufacturer's detailed protocol. After extensive rinse with PBS, cells were solubilized as described in Dalla Libera *et al.*\[[@b18]\]. About 12 μg of total protein was then used for derivatization with DNPH and processed for Western blot analysis. A positive control included derivatization of 3 μg of oxidized bovine serum albumin (BSA), whereas the negative control was perfomed with an equal amount of total protein reacted in the absence of DNPH.

Levels of oxidated protein were quantified using the NIH ImageJ analysis software and normalized as described above.

Immunofluorescence
------------------

Cells, grown on glass cover slips in 24-well plates, were fixed and permeabilized as previously described \[[@b16]\]. Cover slips were incubated overnight at 4°C with either rabbit polyclonal or mouse monoclonal anti-NF-κB antibodies (Santa Cruz Biotech.), followed by incubation with the appropriate secondary antibodies conjugated with Texas Red (Santa Cruz Biotech.) for 2 hrs at room temperature (RT). Double labelling for β-galactosidase and NF-κB was performed by incubating fixed cells with a mixture of rabbit policlonal anti-NF-κB antibodies and mouse monoclonal anti-β-galactosidase antibody (Santa Cruz Biotech). Appropriate dilutions of the secondary goat antibodies, conjugated with Texas Red (Santa Cruz Biotech.) and FITC (Cappel, Eschwege, Germany) were mixed, centrifuged for 10 min. at 10,000 *g* to eliminate aggregates of cross-reacting immunoglobulins and incubated on cover slips for 2 hrs at RT. Controls were performed using non-immune immunoglobulins in the first step.

Cover slips were mounted with buffered glycerol added with 2 μg/ml of 4,8-diamine-2-phenylindol (DAPI; Sigma) and examined using an Axioplan epifluorescence microscope (Zeiss, Arese, Italy).

TUNEL assay
-----------

Nucleosomal DNA fragmentation was visualized by TdT-mediated dUTP Nick End Labeling (TUNEL). Cells were fixed and incubated with 5 U TdT and 0.5 nmol of either Tetramethyl-rhodamine-5dUTP or Fluorescein-12-dUTP (Roche, Monza, Italy) following manufacturer instructions. The former deoxynucleotide was used in combination with transfection with the pT construct, which contained GFP, whereas the latter one was used in combination with constructs containing the βgal cDNA. After rinsing with PBS, autofluorescence was quenched by incubation for 15 min. at RT with 50 mM ammonium chloride. For βgal immunoreactivity, cover slips were incubated overnight at 4°C with a rabbit polyclonal anti-βgal antibody (5'Prime-3'Prime Inc., Boulder, CO, USA) and subsequently with a Texas-Red conjugated secondary antibody (Santa Cruz Biotech.). After adequate rinsing, cover slips were mounted on glass slides with buffered glycerol added with DAPI.

More than 100--150 transfected cells were evaluated for each cover slip; each experiment was performed in triplicate; values correspond to at least three independent experiments.

Ca^2+^ measurements
-------------------

Cells, plated on cover slips (24 mm diameter), were incubated for about 60 min. at RT with 2 μM fura-2/AM in DMEM containing 10% FCS, 0.04% pluronic and 250 μM sulfinpyrazone as previously described \[[@b19]\]. The cover slips were washed at 37°C with a modified Krebs--Ringer Buffer (mKRB, 140 mM NaCl, 2.8 mM KCl, 2 mM MgCl~2~, 1 mM CaCl~2~, 10 mM HEPES, 11 mM glucose pH 7.4), mounted on a thermostated chamber (Medical System Corp., Greenvale, NY, USA), placed on the stage of an inverted microscope (Zeiss, Axiovert) equipped for single cell fluorescence measurements and imaging analysis (TILL Photonics, Graefelfing, Germany). For presentation, the ratios (F340/F380) were off-line averaged (20--30 cells) and normalized to the resting value measured within the first minute of the experiment.

Statistical analysis
--------------------

Data are expressed as mean ± standard error of mean (SEM). One-way anova and Student's t-test were used to compare mean values. *P* \< 0.05 was regarded as statistically significant.

Results
=======

A single curcumin treatment increases Grp94 levels and induces delayed antioxidant protection in C2C12 myoblasts
----------------------------------------------------------------------------------------------------------------

C2C12 proliferating cells, treated or not with 5--10 μM curcumin for 3 hrs, were lysed after 24 hrs and analysed by Western blotting to monitor the expression level of ER stress-proteins, as putative effectors of delayed cytoprotection (second window of protection \[[@b15]\]). [Figure 1A](#fig01){ref-type="fig"} shows that curcumin treatment increased significantly the Grp94 relative amount (see histogram in [Fig. 1B](#fig01){ref-type="fig"}; *P* \< 0.0001, *n*= 9), without affecting the levels of calreticulin and Grp78 (1.06 ± 0.05, 1.09 ± 0.14 and 1.01±0.18, for Grp78/actin density ratio of control, 5 μM and 10 μM curcumin-treated cells, respectively, mean values ± SEM, *n*= 6; 0.99 ± 0.09, 1.02 ± 0.28 and 0.98 ± 0.14, for calreticulin/actin density ratio of control, 5 μM and 10 μM curcumin-treated cells, respectively, mean values ± SEM, *n*= 5). Other proteins usually up-regulated by the ER stress response, such as the transcriptional regulator CHOP and procaspase-12, did not show any significant increase after the curcumin pre-treatment ([Figs. 1A](#fig01){ref-type="fig"} and [2A](#fig02){ref-type="fig"}). A comparable lack of effect was observed on protein levels of HO-1, which was barely detectable under our conditions ([Fig. 1A](#fig01){ref-type="fig"}).

![ER stress proteins level in curcumin pretreated C2C12 cells. (A) Representative Western blotting of 25 μg of whole lysate of cells grown for 3 hrs in the absence or in the presence of 5 and 10 μM curcumin and then lysed 24 hrs after replacement with fresh culture medium. Blot was stained with antibodies for Grp94, Grp78, calreticulin (Ctr), CHOP and haeme-oxygenase 1 (HO-1). Actin staining is shown as a reference for sample loading. (B) Histogram shows Grp94/actin density ratio of different untreated and treated cultures (*n*= 9). Each culture condition was tested in triplicate and at least three independent experimental sets were repeated. Mean values ± SEM. \**P* \< 0.0001; anova test.](jcmm0014-0970-f1){#fig01}

![Procaspase-12 protein level, total protein oxidation and NF-κB nuclear translocation in curcumin-pre-treated C2C12 cells upon exposure to hydrogen peroxide. (A) Representative Western blot analysis showing immunoreactivity for procaspase-12 (C12) before (−) and after (+) exposure to 800 μM hydrogen peroxide for the indicated times (4 and 5 hrs) of cells untreated and pre-treated with curcumin. Actin staining is shown as a reference for gel loading. (B) Histogram shows the relative amount of procaspase-12 detected after 5 hrs of exposure to hydrogen peroxide (expressed as percentage of the amount detected in untreated and curcumin-treated cells before addition of H~2~O~2~). Mean values ± SEM; *n*= 6; \**P* \< 0.001; Student's t-test. (C) Representative Oxyblot analysis showing the presence of protein carbonyl groups in lysates obtained from untreated (control) and curcumin treated C2C12 cells before (−) and after (+) exposure to 400--800 μM hydrogen peroxide for the indicated times (15 and 45 min.). Actin staining is shown as a reference for gel loading. Migration of molecular weight standards (BioRad Broad range, Segrate, Italy) is indicated on the right. (D) Densitometric values of carbonylated signals was normalized to the corresponding actin level and expressed as percentage of wild-type C2C12 levels. Histogram shows the relative amount of oxidized proteins detected in C2C12 cells, untreated, treated for 3 hr with curcumin the day before (curcumin) or added with 20μM curcumin 1 hr before the experiment (cu 1h). Cells were maintained for 45 min. in the presence or in the absence of the indicated hydrogen peroxide concentration. Mean values ± SEM; *n*= 5; \**P* \< 0.0001; [anova]{.smallcaps} test. (E)--(J) Representative micrographs showing C2C12 cultures, left untreated, treated with curcumin the day before (curcumin) or added with 20 μM curcumin 1 hr before the challenge with hydrogen peroxide (cu 1h). Cells were grown in the absence (E)--(G) or in the presence of 800 μM hydrogen peroxide for 2 hrs (H)--(J) and stained for NFκB. Bar: 30 μm.](jcmm0014-0970-f2){#fig02}

Nevertheless, the brief curcumin pre-treatment was effective in increasing the antioxidant defence of C2C12 myoblasts, upon hydrogen peroxide addition to the culture medium, 24 hrs after the drug administration. Different hydrogen peroxide exposure times were required to explore relatively late effects, such as caspase activation and apoptosis, compared with earlier ones, such as protein carbonylation.

Exposure of untreated cells for 4--5 hrs to 800 μM H~2~O~2~ decreased procaspase-12 levels by about 60%, compared with control cells ([Fig. 2A and B](#fig02){ref-type="fig"}). Conversely, cells exposed to hydrogen peroxide 24 hrs after curcumin treatment showed less than 10% decrease in procaspase-12 levels ([Fig. 2A and B](#fig02){ref-type="fig"}; *P* \< 0.001).

Total protein oxidation levels were then analysed by means of Oxyblot analysis ([Fig. 2C](#fig02){ref-type="fig"}). Exposure to 400--800 μM H~2~O~2~ for 30--45 min. significantly increased the degree of protein oxidation, whereas the pre-treatment with curcumin (5--10 μM) hampered this increase. Total protein oxidation also appeared to be significantly reduced when curcumin (20 μM) was added to the growth medium, 1 hr before and during exposure to hydrogen peroxide ([Fig. 2D](#fig02){ref-type="fig"}).

Because reactive oxygen intermediates are responsible for NF-κB activation \[[@b20]\], which, conversely, is inhibited by acute curcumin administration \[[@b21]\], we tested the presence of a delayed effect of the curcumin treatment on NF-κB nuclear translocation. Low levels of nuclear NF-κB immunoreactivity were detectable in control cultures of proliferating C2C12 cells, although the staining in the cytoplasm predominated ([Fig. 2E--G](#fig02){ref-type="fig"}). After 24 hrs, 5--10 μM curcumin-treated and untreated cells were exposed to 400--800 μM H~2~O~2~ for 1--2 hrs ([Fig. 2H--J](#fig02){ref-type="fig"}). As determined by PI staining, this protocol of exposure to hydrogen peroxide had no significant effect on cell viability, which was greater than 98%. Consistent with previous observations \[[@b20]\], a 2 hrs exposure to 800 μM H~2~O~2~ induced in curcumin-untreated cells a redistribution of NF-κB immunoreactivity, which accumulated in the nucleus, albeit remaining detectable in the cytoplasm (Compare [Fig. 2H and E](#fig02){ref-type="fig"}). Exposure of untreated cells to curcumin (20μM), 1 hr before and during hydrogen peroxide addition, blunted the increase in nuclear NF-κB immunoreactivity ([Fig. 2J](#fig02){ref-type="fig"}). Interestingly, the same effect was observed when the curcumin treatment was performed 24 hrs in advance, at a lower dose (5--10 μM) and for a limited time (3 hrs; [Fig. 2I](#fig02){ref-type="fig"}).

Stable or transient Grp94 overexpression induces antioxidant protection in C2C12 myoblasts
------------------------------------------------------------------------------------------

The data so far suggest that several aspects of the antioxidant defence induced by curcumin occur as a delayed protection response \[[@b15]\], where the increase in Grp94 protein levels may play an effector role. We then determined whether the selective increase of Grp94, obtained by either stable or transient transfection, would induce an antioxidant protection. Therefore, we analysed two C2C12 clones, clone 82A11 \[[@b14]\], which stably overexpressed Grp94 without displaying any increase in Grp78 and calreticulin protein levels, and clone S1C8 \[[@b14], [@b16]\], as a control (Fig. S1A). The two clones were repeatedly checked for Grp94, Grp78 and calreticulin expression throughout the passages performed during the study.

Exposure to H~2~O~2~ (800 μM) for 4--5 hrs caused a 75% decrease in procaspase-12 levels in control S1C8 clone, whereas procaspase-12 levels of the Grp94 overexpressing clone 82A11 showed less than 10% relative decrease ([Fig. 3A and B](#fig03){ref-type="fig"}; *P* \< 0.05). Total protein oxidation of S1C8 cells significantly increased after 45--90 min. exposure to hydrogen peroxide, compared with unexposed ones ([Fig. 3C and D](#fig03){ref-type="fig"}; *P* \< 0.01); on the other hand, the degree of protein oxidation of Grp94 overexpressing 82A11 cells was not significantly affected by exposure to hydrogen peroxide ([Fig. 3C and D](#fig03){ref-type="fig"}).

![Procaspase-12 protein level, total protein oxidation and NF-κB nuclear translocation in stable Grp94 overexpressing cells upon exposure to hydrogen peroxide. (A) Representative Western blot analysis showing immunoreactivity of control S1C8 and Grp94 overexpressing 82A11 clones for procaspase-12 (C12) before (−) and after (+) 4 and 5 hrs exposure to 800 μM hydrogen peroxide. Actin staining is shown as a reference for gel loading. (B) Histogram shows the relative amount of procaspase-12 levels detected in S1C8 and 82A11 cells after 5 hrs of exposure to hydrogen peroxide and expressed as percentage of the procaspase-12 amount detected before addition of H~2~O~2~. Mean values ± SEM; *n*= 5; \**P* \< 0.05; Student's t-test. (C) Representative Oxyblot analysis showing the presence of protein carbonyl groups in lysates obtained from control clone S1C8 cells and Grp94 overexpressing 82A11 cells before (−) and after (+) exposure to 800 μM hydrogen peroxide for the indicated times (45 and 90 min.). Actin staining is shown as a reference for gel loading. (D) Histogram shows the relative amount of oxidized proteins detected in control clone S1C8 cells and Grp94 overexpressing 82A11 cells maintained for 45 min. in the presence or in the absence of 800 μM hydrogen peroxide. Densitometric values of carbonylated signals detected in each lane was normalized to the corresponding actin level and expressed as percentage of control clone levels. Mean values ± SEM; *n*= 5; \**P* \< 0.003; [anova]{.smallcaps} test. (E)--(H) Micrographs show cultures of control clone S1C8 cells and Grp94 overexpressing 82A11 cells grown in the absence (E and G) or in the presence (F and H) of 800 μM hydrogen peroxide for 2 hrs and stained for NF-κB. Bar: 30 μm.](jcmm0014-0970-f3){#fig03}

Like wild-type C2C12 cells, both the control S1C8 and the overexpressing Grp94 82A11 clone showed low levels of nuclear NF-κB immunoreactivity, most of the immunoreactivity being detectable in the cytoplasm ([Fig. 3E and G](#fig03){ref-type="fig"}). Exposure of control clone cells to H~2~O~2~ (800 μM) for 2 hrs redistributed NF-κB immunoreactivity, which appeared more concentrated in the nucleus compared with the cytosol ([Fig. 3F](#fig03){ref-type="fig"}), whereas hydrogen peroxide did not induce any appreciable increase in nuclear NF-κB immunoreactivity of Grp94 overexpressing cells ([Fig. 3H](#fig03){ref-type="fig"}).

In order to validate further the cytoprotective role of Grp94 against oxidative injury, the protein was transiently overexpressed in C2C12 cells, and the protection against apoptosis was evaluated using a single-cell approach. Transiently transfected cells were visualized by means of GFP expression ([Fig. 4B and D](#fig04){ref-type="fig"}). The percentage of apoptotic nuclei, evaluated on the total number of GFP-positive cells, was about 1% in cultures maintained in growth medium. Cells were then exposed to H~2~O~2~ (800 μM) for 5 hrs, and apoptosis was detected by TUNEL assay (red fluorescence in [Fig. 4B and D](#fig04){ref-type="fig"}). The percentage of apoptotic nuclei was significantly reduced in cultures transfected with grp94 cDNA (pT94), compared with those transfected with the empty vector (pT) (yellow fluorescence in [Fig. 4B and D](#fig04){ref-type="fig"}; 6.23%± 0.74% and 20.4%± 0.40%, mean ± SEM of TUNEL and GFP positive cells transfected with pT94 and pT, respectively; *P* \< 0.0001; *n*= 6).

![Apoptosis induced by exposure to hydrogen peroxide in transient Grp94 overexpressing C2C12 cells. Representative micrographs of C2C12 cell cultures transiently transfected with either empty vector (pT; A and B) or grp94 cDNA (pT94; C and D). (A) and (C) show nuclei counterstained with DAPI. (B) and (D) show merged pictures of transfected cells, identified by the presence of GFP (green fluorescence) and of apoptotic nuclei (red fluorescence). Arrowheads indicate the presence of apoptosis in transfected cells (yellow fluorescence). Bar: 30 μm.](jcmm0014-0970-f4){#fig04}

Down-regulation of Grp94 expression blunts the antioxidant defence induced by a single curcumin treatment
---------------------------------------------------------------------------------------------------------

We then investigated whether the transfection with antisense grp94 cDNA blunted the increase in Grp94 protein level induced by curcumin treatment and the antioxidant protection.

C2C12 cells from the AS3A12 clone (stably transfected with antisense grp94 cDNA \[[@b16]\]) displayed a 50% decrease in Grp94 protein levels, compared with S1C8 control clone (see Table 1 in Reference \[[@b16]\] and [Fig. 5A](#fig05){ref-type="fig"}). The Grp94 expression level of these cells did not vary 24 hrs after curcumin exposure ([Fig. 5A](#fig05){ref-type="fig"}), leading to a ratio between Grp94 and actin relative amount of 0.55 ± 0.06 and 0.60 ± 0.07, for untreated and curcumin-treated cultures, respectively (mean values ± SEM, *n*= 8). Also Grp78 protein level remained unchanged upon treatment ([Fig. 5A](#fig05){ref-type="fig"}; Grp78/actin relative amount of 1.05 ± 0.09 and 0.84 ± 0.06, for untreated and curcumin-treated cultures, respectively; mean values ± SEM, *n*= 6).

![Total protein oxidation and NF-κB nuclear translocation in C2C12 cells stably transfected with antisense grp94 cDNA upon exposure to hydrogen peroxide. (A) Representative Western blot of 25 μg of whole lysates of untreated S1C8 control clone cells and AS3A12 clone cells grown for 3 hrs in the absence or in the presence of curcumin and then lysed 24 hrs after replacement with fresh culture medium. Blot was stained with antibodies for Grp94 and Grp78. Actin staining is shown as a reference for sample loading. (B) Representative Oxyblot analysis showing the presence of protein carbonyl groups in lysates obtained from antisense grp94 clone AS3A12 cells before (−) and after (+) exposure to 800 μM hydrogen peroxide for 30 min. Actin staining is shown as a reference for gel loading. (C) Histogram shows the relative amount of oxidized proteins detected in antisense grp94 clone AS3A12 cells, pre-treated or untreated with curcumin and in S1C8 control clone cells, maintained for 30 min. in the presence or in the absence of 800 μM hydrogen peroxide. Densitometric values of carbonylated signals detected in each lane was normalized to the corresponding actin level and expressed as percentage of control clone S1C8 cells levels. Mean values ± SEM; *n*= 6; \**P* \< 0.0001; \# *P* \< 0.04; [anova]{.smallcaps} test. (D)--(F). Micrographs show cultures of antisense grp94 clone AS3A12 cells maintained in the absence (D) or in the presence (E and F) of 800 μM hydrogen peroxide for 2 hrs and stained for NFκB. Cells in (F) were pre-treated with curcumin, 24 hrs before addition with hydrogen peroxide. Bar: 30 μm.](jcmm0014-0970-f5){#fig05}

Exposure of the antisense AS3A12 clone to H~2~O~2~ (400--800 μM, 30 min.) significantly increased total protein oxidation levels, compared with non-exposed cells ([Fig. 5B and C](#fig05){ref-type="fig"}; *P* \< 0.0001, *n*= 6). Similarly, the exposure to hydrogen peroxide of curcumin-treated AS3A12 cells led to a significant increase in total protein oxidation compared with curcumin-treated not-exposed cells ([Fig. 5B and C](#fig05){ref-type="fig"}; *P* \< 0.0001, *n*= 6). Interestingly, the degree of protein oxidation induced by hydrogen peroxide in both curcumin-treated and untreated AS3A12 cells was significantly higher than that observed in parallel cultures of control S1C8 clone cells (*P*≤ 0.04, *n*= 6; [Fig. 5C](#fig05){ref-type="fig"}). We next investigated the effects of antisense grp94 cDNA expression on NF-κB nuclear translocation. As described for control S1C8 clone, NF-κB immunoreactivity of proliferating antisense AS3A12 cells was primarily localized in the cytosol, and the low levels of staining detectable in the nucleus increased after exposure to H~2~O~2~ (800 μM, 2 hrs; [Fig. 5D and E](#fig05){ref-type="fig"}). Treatment with curcumin did not, however, prevent the hydrogen peroxide-induced increase in nuclear immunoreactivity, which occurred in grp94 antisense AS3A12 cells ([Fig. 5F](#fig05){ref-type="fig"}), as shown above for control S1C8 and untreated wild-type C2C12 cells.

Transient transfection with antisense grp94 cDNA was then performed to validate further the involvement of Grp94 in the antioxidant protection induced by curcumin. The rationale for these additional experiments was that the phenotype observed in stable transfected cells might reveal intrinsic differences and not the specific contribution of the protein of interest. Transiently transfected cells were visualized for the expression of β-galactosidase, whose cDNA was contained in the same phagemid, together with antisense grp94 cDNA (ASGrp94/βgal). The control construct contained, in sense orientation, the same segment of cDNA, which did not originate a translatable grp94 mRNA (control/βgal). After transfection, cells were either treated or not with curcumin and exposed 24 hrs later to H~2~O~2~ (800 μM for 2 hrs). Hydrogen peroxide treatment increased the nuclear immunoreactivity for NF-κB in untransfected cells (arrowheads in [Fig. 6B](#fig06){ref-type="fig"}), as well as in cells transfected with either antisense (arrows in [Fig. 6B](#fig06){ref-type="fig"}) or control constructs (not shown). Conversely, pre-treatment with curcumin hampered the hydrogen peroxide-induced increase in nuclear NF-κB immunoreactivity in untransfected (arrowheads in [Fig. 6C and D](#fig06){ref-type="fig"}) and control/βgal-transfected cells (arrows in [Fig. 6D](#fig06){ref-type="fig"}), whereas antisense-transfected cells displayed positive nuclear immunoreactivity (arrows in [Fig. 6C](#fig06){ref-type="fig"}).

![NF-κB nuclear translocation and apoptosis in C2C12 cells transiently transfected with antisense grp94 cDNA upon exposure to hydrogen peroxide. (A)--(H) Representative micrographs of C2C12 cell cultures transiently transfected with antisense grp94 cDNA vector containing β-galactosidase cDNA (AsGrp94/βgal) or with control/βgal vector, showing both single labelling for NFκB (A--D) and merging with staining for β-galactosidase (green fluorescence; E--H). Distribution of NF-κB immunoreactivity is shown after growth in the absence (A and B and E and F) or in the presence (C and D and G and H) of curcumin treatment, followed by the exposure to 800 μM hydrogen peroxide for 2 hrs (B--D and F--H). Arrows indicate transfected cells and arrowheads untrasfected ones. (I)--(L) Micrographs of C2C12 cell cultures transiently transfected with AsGrp94/βgal, showing merging of β-galactosidase labelling (red fluorescence) and TUNEL (green fluorescence). Apoptosis was evaluated after exposure to 800 μM hydrogen peroxide for 6 hrs, either in the absence (I) or in the presence (J) of curcumin pre-treatment. Arrows indicate apoptotic transfected cells, whereas arrowheads indicate TUNEL-negative transfected ones. (K) and (L) show counterstain of nuclei with DAPI. Bar: 30 μm. (M) Histogram shows the percentage of apoptotic nuclei observed among β-galactosidase-positive cells of C2C12 cultures transiently transfected with either ASGrp94/βgal (white bars) or with control/βgal vector (black bars), pre-treated with curcumin or left untreated and exposed to 800 μM hydrogen peroxide for 5--6 hrs. Mean values ± SEM; *n*= 8; \**P* \< 0.003; [anova]{.smallcaps} test.](jcmm0014-0970-f6){#fig06}

This experimental protocol was also used to evaluate the effect of antisense grp94 mRNA expression on curcumin-dependent anti-apoptotic protection. TUNEL assay was used to show apoptosis in curcumin-treated and untreated transfected cells after a 6-hr-exposure to H~2~O~2~ (800 μM). No significant difference was observed in the percentage of apoptotic β-galactosidase-positive cells evaluated on the amount of transfected cells between these two culture conditions (arrows, [Fig. 6I, J and M](#fig06){ref-type="fig"}). Conversely, the percentage of β-galactosidase-positive cells displaying apoptotic nuclei appeared significantly reduced in cells transfected with the control vector and pre-treated with curcumin, compared with parallel cultures either transfected with control vector but left untreated or transfected with antisense grp94 cDNA and pre-treated with curcumin (*P* \< 0.003; [Fig. 6M](#fig06){ref-type="fig"}).

Increased Grp94 levels affect ER calcium release
------------------------------------------------

We previously showed that, in the presence of stable Grp94 overexpression, C2C12 cells showed a reduced rate of cytosolic Ca^2+^ (\[Ca^2+^\]~i~) increase after exposure to a calcium ionophore \[[@b14]\]. Here we investigated in more detail the effects of Grp94 overexpression at the level of Ca^2+^ content of intracellular stores. Changes in \[Ca^2+^\]~i~ were monitored with the Ca^2+^ indicator fura-2 (see Materials and methods) by applying a previously described protocol \[[@b19]\], which is here briefly summarized and shown in [Figure 7A](#fig07){ref-type="fig"}. Store depletion was induced by adding the SERCA inhibitor cyclopiazonic acid (CPA) in a Ca^2+^-free medium; the SERCA inhibitor, by inducing the passive release of stored Ca^2+^, caused a transient increase in \[Ca^2+^\]~i~, which is proportional to the Ca^2+^ content within the stores. [Figure 7A](#fig07){ref-type="fig"} shows \[Ca^2+^\]~i~ changes in a representative experiment carried out with control S1C8 cells and three Grp94-overexpressing clones (82A11, 82E3, 83D2). The two latter clones (82E3 and 83D2) overexpressed Grp94 with unchanged level of Grp78 and calreticulin (mean values ± SEM of protein normalized to actin level were 2.20 ± 0.40 and 1.39 ± 0.03 for Grp94; 1.04 ± 0.14 and 0.84 ± 0.01 for Grp78; 0.81 ± 0.07 and 1.03 ± 0.33 for calreticulin, respectively, *n*= 4; Fig. S1B). The transient increase in \[Ca^2+^\]~i~ elicited by CPA was significantly reduced in cells overexpressing Grp94 compared with controls, as well as the integral of the \[Ca^2+^\]~i~ rise caused by CPA addition, an indirect measurement of the total Ca^2+^ content of intracellular stores. This latter parameter showed a reduction in all the three Grp94 overexpressing clones examined, ranging from 80% to 20% of the value detected in the control clone (80%, 40% and 17% for 83D2, 82E3 and 82A11 clones, respectively).

![Intracellular Ca^2+^ content in either Grp94 overexpressing or curcumin-treated C2C12 cells. (A) Representative traces of C2C12 clones, either control (S1C8) or Grp94 overexpressing (82A11, 82E3 and 83D2) cells, loaded with fura-2, bathed in Ca^2+^-free, EGTA-containing medium and challenged with CPA (20 μM). \[Ca^2+^\]~i~ changes are expressed as the ratio (F340/F380) normalized to the average value obtained within the first minute of the experiment. (B) Average Ca^2+^ content of intracellular stores measured, as described in (A), in transiently overexpressing Gpr94 (pT94) or control (pT) C2C12 cells. Values are expressed as the integral of the normalized ratio traces measured above the resting value upon CPA addition. Mean ± SEM; \**P* \< 0.01; *n*= 8, Student's t-test. (C) Average Ca^2+^ content of intracellular stores measured, as described in (A), in C2C12 cells left untreated and 24 hrs after curcumin treatment. Values are expressed as the integral of the normalized ratio traces measured above the resting value upon CPA addition. Mean ± SEM; \**P*= 0.03; *n*= 16; Student's t-test.](jcmm0014-0970-f7){#fig07}

Comparable results were observed after inducing selective Grp94 overexpression by means of transient transfection with pT94, with respect to C2C12 cells transfected with the empty vector (pT; [Fig. 7B](#fig07){ref-type="fig"}). In this experimental condition, Grp94 overexpression induced a marked mean reduction in the amount of Ca^2+^ released by CPA (45%), a strong effect usually found upon high level of protein expression by transient cDNA transfection. A similar, although less extensive, decrease in releasable Ca^2+^ from the intracellular stores was observed in wild-type C2C12 cells examined 24 hrs after the treatment with curcumin (5--10 μM; [Fig. 7C](#fig07){ref-type="fig"}; 18% of reduction compared with untreated cells; *P*= 0.03; *n*= 16).

Discussion
==========

The induction of delayed cytoprotection represents a promising tool to circumvent cell and tissue damage secondary to acute exposure to stressing stimuli of high intensity \[[@b15]\]. A major limit to its widespread adoption is represented by the rather scanty availability of relatively safe 'conditioning' stimuli. The present study shows that the spice derivative curcumin may act as an inducer of a very mild ER stress response, characterized by about 40% increase in Grp94 protein levels. Despite its fair increase, Grp94 appears to be a key player in curcumin-induced delayed cytoprotection, reducing cellular protein oxidation, NF-κB nuclear translocation and apoptotic death, upon hydrogen-peroxide exposure of myogenic C2C12 cells. The participation of the Grp94 chaperone relies on the fact that the protective effect is present according to the selective modulation of its protein level (by means of sense or antisense grp94 cDNA transfection) and despite of curcumin treatment. Furthermore, we demonstrate that increased Grp94 levels significantly reduce Ca^2+^ release from intracellular stores in C2C12 cells, probably modulating the Ca^2+^ content within the ER.

Curcumin induces a cytoprotective ER-stress response
----------------------------------------------------

It has been shown that a sustained exposure to curcumin induces a pro-apoptotic ER stress response in neoplastic cell lines \[[@b22], [@b23]\]. Phosphorylation of PERK and its substrate, eIF2a, initiates after 3 hrs of exposure to 5--10 μM curcumin \[[@b22]\]. Here we report that a transient exposure to the drug induces a cytoprotective response in myogenic C2C12 cells, characterized by the selective increase of the ER chaperone Grp94. The precise mechanism through which curcumin evokes the ER stress response remains to be determined; a role might be played either by its reported ability to disrupt disulfide bond formation by the electrophilic dienone on its own chemical structure \[[@b22]\], to inhibit cellular proteasome activity \[[@b24]\] or to induce ER Ca^2+^ depletion, due to increased ion permeability of cellular membranes and inhibition of the SERCA pump \[[@b6], [@b25]\].

The cytoprotection obtained by a brief curcumin exposure appears effective against protein oxidation, NF-κB nuclear translocation and apoptosis induced by oxidative stress, even operating in the absence of the drug. In addition, to be evoked by oxidative stress itself \[[@b26]\], the ER stress-response protects against loss of viability due to oxidants exposure. An effector so far identified is Grp78. The protection, in fact, was observed when Grp78 protein levels were increased upon exposure to reducing agents (DTTox), SERCA inhibitors (thapsigargin), glycosylation inhibitors (tunicamycin) or calcium ionophores (A23187) \[[@b9]--[@b11]\], but it was lacking when the increase in Grp78 level was abolished by means of stable transfection with antisense grp78 cDNA \[[@b9], [@b10]\]. However, this body of evidence did not exclude the possibility that other Grp proteins participated to the cytoprotective effect. Among them is Grp94, whose expression levels are influenced by the modulation of those of Grp78 \[[@b9], [@b27]\]. We showed that a short exposure of C2C12 cells to curcumin increased Grp94 protein levels in a selective manner, at variance with other stimuli such as thapsigargin, much more effective in up-regulating Grp78 than Grp94 (our unpublished observations). Furthermore, this curcumin pulse did not induce expression of HO-1 nor did it increase the transcription and translation of Hsp70 or other small Hsps (31 and our unpublished observations), different from what was observed in other cell types \[[@b3], [@b28]--[@b30]\] or when administered concomitantly to Hsps inductors, *i.e.* heat stress \[[@b31]\].

This mild ER response observed in C2C12 cells upon a brief curcumin treatment not only significantly reduced procaspase-12 activation but also was effective in blunting protein oxidation and NF-κB nuclear translocation, similar to what was observed in the presence of the drug (\[[@b21]\] and this work).

Grp94 as a mediator of curcumin cytoprotection
----------------------------------------------

Our results indicate that Grp94 represents a relevant mediator of the delayed cytoprotection induced by curcumin, regardless of the presence of other stress-proteins. Antisense grp94-transfected cells upon hydrogen peroxide exposure show impaired increase of Grp94 levels after a brief curcumin pre-treatment, as well as the lack of cytoprotective effects, *i.e.* high degree of protein oxidation, nuclear NF-κB translocation and apoptosis. Similarly to calreticulin, Grp94 binds high amounts of Ca^2+^\[[@b8], [@b32], [@b33]\], but, different from calreticulin \[[@b34], [@b35]\], its cellular levels inversely correlate to the rise in \[Ca^2+^\]~i~ evoked by exposure either to calcium ionophore \[[@b14], [@b36]\] or to ischaemia-reperfusion \[[@b12]\]. This relationship deeply influences cell survival, in so far as increased levels of Grp94 appear cytoprotective, decreased or absent levels of the protein enhance cell susceptibility to death (\[[@b12], [@b14], [@b32]--[@b33], [@b36]\] and this work).

Oxidative stress causes a rapid increase in \[Ca^2+^\]~i~, which can result in enhanced Ca^2+^ influx into mitochondria, disrupting mitochondrial metabolism and leading to cell death \[[@b37]--[@b38]\]. Here we show that both stable and transient Grp94 overexpression reduces the release of Ca^2+^ from intracellular stores acutely induced by CPA. The possibility that Grp94 acted as cytosolic Ca^2+^ buffer due to the fact that part of the molecules could display a transmembrane localization \[[@b39]\], appears remote because in C2C12 cells, only a small fraction (12%) of Grp94 protein is detectable under such conformation \[[@b40]\]. Consistent with the increase of Grp94 protein levels, the present work shows that a simple brief exposure to curcumin reduced the intracellular CPA-releasable Ca^2+^ pool, measured 24 hrs after treatment, suggesting that Grp94 may modify intracellular Ca^2+^ content.

Conclusions
===========

Although the precise molecular mechanism through which Grp94 affects cellular Ca^2+^ handling remains to be determined, its positive effects on the antioxidant cytoprotection of myogenic C2C12 cells are evident. In this context, the role of Grp94 in reducing the levels of releasable Ca^2+^ from intracellular stores reveals the major contribution of the Ca^2+^ signal in the potentiation of the injury induced by oxidative stress \[[@b37]\], in particular on protein oxidation and NF-κB nuclear translocation. A previous study investigating the protective role played by the ER stress response against oxidative damage showed that oxidant-induced cell death was prevented whereas lipid peroxidation was not \[[@b10]\]. Based on our results, we speculate that a reduced \[Ca^2+^\]~i~, due to increased Grp94 protein levels, restrains the effects of hydrogen peroxide on protein oxidation and on the pathways involved in NF-κB nuclear translocation \[[@b20]\].

In conclusion, our study enlightens a major mechanism through which curcumin exerts delayed cytoprotection. Considering the low oral bioavailability of curcumin and its quick catabolism by liver, it is possible to suggest that several systemic cytoprotective effects, observed after oral curcumin assumption in both animal experimental studies and human trials \[[@b1]--[@b3]\], might be explained by its ability to evoke, at a very low dose and in few hours, a mild ER stress response in distal tissues.
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**Fig. S1** Representative Western blots of 15 μg of wholelysates of S1C8 control clone and Grp94 overexpressing 81A11(**A**), 83D2 and 82E3 (**B**) cell clones. Blots werestained with antibodies for Grp94, Grp78 and calreticulin (CRT).Actin staining is shown as a reference for sample loading.
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